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1
VARIABLE RADIAL FLUID DEVICES IN
SERIES

TECHNICAL FIELD

This invention relates generally to radial fluid devices, and
more particularly, to variable radial fluid devices in series.

BACKGROUND

The subject matter discussed in the background section
herein should not be assumed to be prior art merely as a result
of’its mention in the background section. Similarly, a problem
mentioned in the background section or associated with the
subject matter of the background section should not be
assumed to have been previously recognized in the prior art.
The background section may rely on hindsight understanding
and may describe subject matter in a manner not previously
recognized in the prior art, and it should not be assumed that
such descriptions represent the understanding or motivations
of those skilled in the art before the filing of this application.
The subject matter in the background section merely repre-
sents different approaches, which in and of themselves may
also be inventions.

A fluid device may include any device that moves fluids or
uses moving fluids. Two examples of a fluid device include a
pump and a motor. A pump is a device that moves fluids (e.g.,
liquids, gases, slurries) using mechanical action. A motoris a
device that converts energy received from fluids into
mechanical action.

Pumps and motors may both use pistons to control fluid
movement. A piston is a reciprocating component that allows
fluid to expand in a chamber during an up stroke and com-
presses and/or ejects the fluid during a down stroke. In a
pump, force may be transferred from the crankshaft to the
piston for purposes of compressing or ejecting the fluid. In a
motor, force may be transferred from the fluid to the piston for
purposes of rotating the crankshaft. In some fluid devices, a
piston may also act as a valve by covering and uncovering
ports in a chamber wall.

In one example, a piston is a cylindrical component that
utilizes a close tolerance cylindrical fit between the piston and
a cylinder bore chamber to minimize efficiency loses from
internal leakage. The term “cylinder” and its variants may
refer to a general cylindrical shape represented by points at a
fixed distance from a given line segment, although in practice
cylinders may not be perfectly cylindrical (e.g., due to manu-
facturing constraints) and may include non-cylindrical cavi-
ties, passageways, and other areas.

Some fluid devices may be classified as fixed displacement
or variable displacement. In a fixed-displacement fluid
device, displacement distance of each piston stroke remains
constant, and fluid flow through the fluid device per rotation
cannot be adjusted. In a variable displacement fluid device,
fluid flow through the fluid device per rotation may be
adjusted by varying the displacement distance of each piston
stroke.

Insome fluid devices, pistons are arranged axially such that
their piston stroke centerlines are configured in a circle par-
allel to the rotational axis of the cylinder block centerline.
FIG. 1 shows a cross-section of an example axial fluid device
100. Axial fluid device 100 features a shaft 110, a cylinder
block 120, a swashplate 130, pistons 140, and a pressure
compensator 150. Pistons 110 may reciprocate within cylin-
ders of cylinder block 120. Swashplate 130 allows energy to
be converted between the rotary motion of shaft 110 and the
linear motion of pistons 140. Swashplate 130 drives each
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piston 110 through one sinusoidal stroke motion for each
revolution of shaft 110. A sinusoidal stroke includes one “up
stroke” motion and one “down stroke” motion.

In a fixed-displacement fluid device, the angle of swash-
plate 130 is fixed. In a variable-displacement fluid device,
pressure compensator 150 may vary the angle of swashplate
130 to change displacement and direction. To minimize the
load required to change the angle of swashplate 130 in vari-
able-displacement fluid devices, the diameters of pistons 110
may be kept small, and the pivot axis of swashplate 130 may
be offset from the rotation axis of cylinder block 120 to allow
forces from pistons 110 to counterbalance the load.

In other fluid devices, pistons are arranged radially such
that their piston stroke centerlines are configured radially
outward from the rotation axis of the cylinder block. FIGS.
2A and 2B show cross-sections of an example radial fluid
device 200. Radial fluid device 200 features a shaft 210, a
cylinder block 220, a cam 230, pistons 240, and pressure
compensator 250. In this example, pressure compensator 250
may vary the displacement and direction of pistons 240 by
varying the offset of the centerline of cam 230 relative to the
centerline of cylinder block 220. The load required to move
cam 230 is relatively high because the configuration has a
high piston diameter to stroke ratio compared to axial designs
and there are no forces available to counterbalance the piston
loads acting on the cam. Thus, pressure compensator 250
must be large enough to provide the force necessary to move
cam 230.

In the example of radial fluid device 200, cam 230 is
circular. In this example, circular cam 230 may be referred to
as a single-lobed cam because it causes pistons 240 to com-
plete only one sinusoidal stroke per rotation of cylinder block
220. Cams having more than one lobe, such as an elliptical
(two-lobed) cam, do not typically lend themselves to being
offset to vary displacement because of their unique shape.

Inthe example of FIG. 2, radial fluid device 200 varies fluid
flow by varying piston stroke displacement. As explained
above, such an arrangement requires a significant amount of
force to move cam 230. In an alternative approach, fluid flow
may be varied by varying valve timing. For example, U.S.
Patent Publication No. 2011/0220230 describes a radial
pump with fixed piston displacement and independent elec-
tronic intake valve control. Varying valve timing may require
more energy to open and close each valve, however. In par-
ticular, varying valve timing may require closing the inlet
valve and opening the outlet valve at points in the piston
stroke where hydraulic flow is at a maximum.

SUMMARY

Particular embodiments of the present disclosure may pro-
vide one or more technical advantages. A technical advantage
of'one embodiment may include the capability to fully reverse
fluid flow in a fluid device. A technical advantage of one
embodiment may include the capability to adjust fluid flow
through a fluid device without varying the displacement dis-
tance of each piston. A technical advantage of one embodi-
ment may also include the capability to adjust fluid flow with
a minimal amount of force. A technical advantage of one
embodiment may also include the capability to effectively
lower the volume within a fluid chamber by varying when
pistons in the chamber begin their stroke. A technical advan-
tage of one embodiment may also include the capability to
increase shaft speed by balancing piston forces. A technical
advantage of one embodiment may also include reduced
vibration and hydraulic pressure pulse levels. A technical
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advantage of one embodiment may also include the capability
to connect multiple fluid devices along a common drive shaft.

Certain embodiments of the present disclosure may
include some, all, or none of the above advantages. One or
more other technical advantages may be readily apparent to
those skilled in the art from the figures, descriptions, and
claims included herein.

BRIEF DESCRIPTION OF THE DRAWINGS

To provide a more complete understanding of the present
invention and the features and advantages thereof, reference
is made to the following description taken in conjunction with
the accompanying drawings, in which:

FIG. 1 shows a cross-section of a prior art axial fluid
device;

FIG. 2 shows a cross-section of a prior art radial fluid
device;

FIGS. 3A-3F show a radial fluid device according to one
example embodiment;

FIGS. 4A-4K illustrate piston chamber volume charts
showing how maximum accessible cylinder volume of the
radial fluid device of FIG. 3A-3F changes as a function of
cylinder block rotation and cam phase;

FIGS. 5A-5E show an example alternative embodiment of
the radial fluid device of FIG. 3A-3F;

FIG. 6 shows two radial fluid devices of FIGS. 5A-5E
coupled together in series;

FIGS. 7A-7] show another example alternative embodi-
ment of the radial fluid device of FIG. 3A-3F; and

FIGS. 8A-8F show yet another example alternative
embodiment of the radial fluid device of FIG. 3A-3F.

DETAILED DESCRIPTION OF THE DRAWINGS

As explained above, fluid flow may be varied in a fluid
device by varying piston stroke displacement distance or
varying valve timing. Varying piston stroke displacement dis-
tance, however, may require a substantial amount of energy to
move the cam in order to vary displacement distance. Like-
wise, varying valve timing may require a substantial amount
of energy to open and close valves when hydraulic flow is at
a maximum.

Teachings of certain embodiments recognize the capability
to adjust fluid flow in a fluid device without varying piston
stroke displacement distance or varying valve timing. Teach-
ings of certain embodiments also recognize the capability to
adjust fluid flow using a minimal amount of energy as com-
pared to varying piston stroke displacement distance or vary-
ing valve timing.

FIGS. 3A-3F show a radial fluid device 300 according to
one example embodiment. FIG. 3A shows a front view of
radial fluid device 300, and FIG. 3B shows a side view of
radial fluid device 300. FIG. 3C shows a cross-section view of
radial fluid device 300 along the cross-section line indicated
in FIG. 3A, and FIGS. 3D, 3E, and 3F show cross-section
views of radial fluid device 300 along the cross-section lines
indicated in FIG. 3B.

As seen in FIGS. 3A-3F, radial fluid device 300 features a
shaft 310, bearings 315, a cylinder block 320, cams 330 and
330", cam gears 335 and 335', pistons 340a-340f, pistons
340a'-340f, piston chambers 345a-345f, ports 360 and 365,
drive gears 370 and 370", reverse rotation gear 375, and cam
adjuster 380.

Shaft 310 is coupled to cylinder block 320. In some
embodiments, shaft 310 is removably coupled to cylinder
block 320. For example, different shafts 310 may have dif-
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ferent gear splines, and an installer may choose from among
different shafts 310 for use with radial fluid device 300. If
radial fluid device 300 is operating as a pump, for example,
the installer may choose a shaft 310 splined to match a driving
motor to be coupled to shaft 310 opposite cylinder 320.

Cylinder block 320 rotates within radial fluid device 300.
In the example of FIGS. 3A-3F, the axis of rotation of cylinder
block 320 is coaxial with shaft 310. Bearings 315 separate
cylinder block 320 from the non-rotating body of radial fluid
device 300.

Cylinder block 320 includes a plurality of cylinders for
receiving pistons 340a-340g and pistons 3404'-340g". Each
piston 340a-340g and 3404'-340¢' may include a radially
extending aperture, such as aperture 342' shown in FIG. 3C.
Each piston 340a-340g and 3404'-340g' may also include a
shoe, such as shoes 341a-341g and 341a'-341g' in FIGS. 3E
and 3F. In the example of FIGS. 3A-3F, cylinder block 320
includes a first group of seven radially-extending cylinders
and a second group of seven radially-extending cylinders
adjacent to the first group. Each radially-extending cylinder
of'the first group is in fluid communication with one radially-
extending cylinder of the second group to form a piston
chamber 345. Each piston chamber 345 thus includes two
cylinders, each configured to receive a piston 340 or piston
340'. Each piston chamber 345 also includes cavities connect-
ing the two chambers to each other as well to outside of
cylinder block 320 such that each piston chamber 345 may
receive fluid from and/or discharge fluid into ports 360 and
365, as seen in FIG. 3D.

The example of FIGS. 3A-3F includes seven piston cham-
bers 345a-345f. Each chamber 345 is configured to receive
one piston 340 and one piston 340'. For example, piston
chamber 3454 includes two cylinders configured to receive
pistons 340a and 340q', respectively; piston chamber 3455
includes two cylinders configured to receive pistons 3405 and
3408', respectively; piston chamber 345¢ includes two cylin-
ders configured to receive pistons 340¢ and 340c¢', respec-
tively; piston chamber 3454 includes two cylinders config-
ured to receive pistons 3404 and 3404, respectively; piston
chamber 345¢ includes two cylinders configured to receive
pistons 340e and 340¢', respectively; and piston chamber 345/
includes two cylinders configured to receive pistons 340f'and
3407, respectively. Cam 330 is disposed about pistons 340,
and cam 330" is disposed about pistons 340'. During opera-
tion, pistons 340 and 340' stroke inwards and outwards
depending on the distance between cam 330 and the axis of
rotation of cylinder block 320 and the distance between cam
330' and the axis of rotation of cylinder block 320. For
example, cam 330 in FIG. 3F is an elliptical cam having two
lobes. As each piston 340 moves from the transverse diameter
of cam 330 towards the conjugate diameter of cam 330, the
piston 340 will be pushed closer to the axis of rotation of
cylinder block 320. Likewise, as each piston 340 moves from
the conjugate diameter of cam 330 to the transverse diameter
of'cam 330, the piston 340 will be pushed away from the axis
of rotation of cylinder block 320. As a result, each piston 340
reciprocates towards and away from the axis of rotation of
cylinder block 320. Each reciprocation towards and away
from the axis of rotation thus includes two strokes: a down
stroke and an up stroke.

Rotating cams 330 and 330' may change when pistons 340
and 340" begin their strokes. For example, rotating cam 330
changes the location of the transverse diameter of cam 330
and thus changes where piston 340a begins a down stroke.
Similarly, rotating cam 330’ changes the location of the trans-
verse diameter of cam 330' and thus changes where piston
340q' begins a down stroke. Thus, moving cam 330 and/or



US 9,303,638 B2

5

cam 330’ relative to one another changes the amount of time
between when cam 330 and cam 330" begin their down-
strokes. Teachings of certain embodiments recognize that
changing the amount of time between the downstrokes of
cams 340q and 340a¢' may change the maximum accessible
cylinder volume of chamber 3454 and therefore change how
fluid flows in and out of radial fluid device 300.

In the example of FIGS. 3E and 3F, cams 330 and 330’ are
elliptical and thus have two lobes. The number of lobes indi-
cates how many sinusoidal stroke motions a piston completes
during one full rotation of cylinder block 320. For example,
each piston 340 and 340' completes two sinusoidal stroke
motions during one rotation of cylinder block 320. Teachings
of certain embodiments recognize that multi-lobe cams may
allow for additional power generation over single-lobe cams.
Due to the unusual shape of multi-lobe cams, however, they
do not typically lend themselves to variable-displacement
designs. Teachings of certain embodiments, however, recog-
nize the capability to vary fluid flow in fluid devices that
utilize multi-lobe cams. Ports 360 and 365 provide fiuid into
and out of radial fluid device 300. Ports 360 and 365 may each
operate as either an inlet or an exhaust. Teachings of certain
embodiments recognize the capability to reverse the flow
within radial fluid device 300. Reversing the flow may con-
vert a port from an inlet to an exhaust or from an exhaust to an
inlet. Flow reversing will be described in greater detail with
regard to FIGS. 4A-4K.

Cam gears 335 and 335", drive gears 370 and 370, reverse
rotation gear 375, and cam adjuster 380 in combination adjust
the position of cams 330 and 330'. Cam gears 335 and 335' are
coupled to cams 330 and 330", respectively. Drive gears 370
and 370" interact with the teeth of cam gears 335 and 335'.
Reverse drive gear 375 interacts with drive gears 370 and/or
370", either directly or indirectly. In particular, reverse drive
gear 375 mechanically couples drive gears 370 and 370'
together such that rotation in one direction by drive gear 370
results in rotation in the opposite direction by drive gear 370'.
Cam adjuster 380 rotates at least one of drive gear 370, drive
gear 370", and reverse rotation gear 375 such that drive gear
370 and drive gear 370' rotates cam gears 33 and 335'.

As stated above, moving cams 330 and 330' changes when
pistons 340 and 340" begin their strokes, and changing when
pistons 340 and 340" begin their strokes can change how fluid
flows in and out of radial fluid device 300. Teachings of
certain embodiments recognize that mechanically coupling
cam 330 to cam 330' may reduce the energy needed to vary
fluid flow through radial fluid device 300 by reducing the
energy needed to rotate cams 330 and 330'.

In particular, cams 330 and 330" are mechanically linked
such that rotation in one direction by cam 330 results in
rotation in the opposite direction by cam 330'. When cylinder
block 320 is rotating, one of cams 330 and 330' may move in
the same direction of cylinder block 320, and the other cam
may move in the opposite direction of cylinder block 320. If
cams 330 and 330" were not linked, inertial and other forces
could make rotating a cam with the direction of rotating of
cylinder block 320 extremely easy but rotating a cam against
the direction of rotating of cylinder block 320 extremely
difficult. By mechanically linking cam 330 to cam 330', how-
ever, the overall energy required to move both cams is
reduced. Mechanically linking cam 330 to cam 330" effec-
tively cancels out the inertial forces acting on both cams.
Thus, teachings of certain embodiments recognize that mov-
ing both cam 330 and cam 330' may require less force than
moving one cam alone against the rotation of cylinder block
320.
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In some embodiments, cams 330 and 330" are mechani-
cally linked to rotate in equal distances as well as rotate in
opposite directions. For example, ten degrees of separation
may be created between cams 330 and 330" by rotating each
cam five degrees in either direction.

As explained above, rotating cams 330 and 330' may
change how fluid flows through radial fluid device 300. In
particular, rotating cams 330 and 330' may change when
pistons 340 and 340' begin their strokes, and changing when
pistons 340 and 340' begin their strokes may change the
maximum accessible cylinder volume within each piston
chamber 345. Changing the maximum accessible cylinder
volume within each piston chamber 345 changes the volume
of fluid flowing through radial fluid device 300.

FIGS. 4A-4K illustrate piston chamber volume charts
400a-400%, which show how maximum accessible cylinder
volume changes as a function of cylinder block rotation and
cam phase. Each piston chamber volume chart 400a-400%
shows maximum accessible cylinder volume of a piston
chamber as a function of cylinder block rotation for a particu-
lar cam phase. The bottom horizontal axis is marked in angu-
lar degrees to show the position of cylinder block 320 through
a full revolution, and the top horizontal axis shows piston
stroke relative to ports 360 and 365. The top horizontal axis
also indicates whether ports 360 and 365 are operating as an
inlet or an exhaust. The vertical axis shows the relative
changes in maximum accessible cylinder volume in non-
dimensional terms. The top half of each piston chamber vol-
ume chart 400a-400% shows the sum volume of two pistons
along with a diagram showing the relationship of the rotary
valve flow direction to changes in the cam index positions.
The bottom of each chart 400a-400% shows changes in cylin-
der volume for each piston in a chamber as cylinder block 320
rotates through a full revolution.

In FIG. 4A, piston chamber volume chart 400a shows the
delta angle between the bottom dead center (BDC) positions
of two elliptical cams 330 and 330' is zero degrees, and the
cams BDC positions are indexed at zero degrees relative to
the rotary valve. With cams in this position, the sinusoidal
volume changes of two pistons 340 and 340' are in phase, and
their cylinder volumes fully summed create 100% maximum
flow output. As the cylinder block rotates pistons 340 and 340"
from zero degrees BCD to degrees top dead center (TDC),
fluid enters piston chamber 345 through port 360. Then as
cylinder block 320 rotates from 90 degrees to 180 degrees (the
second BDC), fluid exits the piston chamber 345 through port
365. The same complete cycle is repeated a second time as
cylinder block 320 rotates from 180 degrees to 360 degrees
(back to zero degrees).

In FIG. 4B, piston chamber volume chart 4005 shows the
delta angle between the BDC positions of two elliptical cams
is changed to 30 degrees by rotating cam 330 15 degrees
clockwise and cam 330' 15 degrees counterclockwise. With
cams 330 and 330' in this position, the effective sum of the
maximum sinusoidal volume of both cylinders in chamber
345 is reduced to 83% of maximum flow output. Note that the
effective change in cylinder volume does not affect the rela-
tionship between the rotary valve timing and the maximum
and minimum sinusoidal volume peaks. Thus, flow is near
zero as the rotary valve ports open and close, minimizing
internal pump and external system pressure spikes. In addi-
tion, the decrease in pump operating efficiency resulting from
pumping fluid between pistons should be negligible.

FIGS. 4C, 4D, and 4E progressively depict the effect of
increasing the delta index angle between the BDC positions
of cams 330 and 330' from 45 degrees, 60 degrees, and 75
degrees. As shown in piston chamber volume charts 400c-
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400e¢, increasing the delta phase angle results in effective
reductions in the sum of maximum sinusoidal cylinder vol-
ume to 66%, 44%, and 25% of maximum. Each change in
delta index angle does not disrupt the relationship between
rotary valve timing and the maximum and minimum sinusoi-
dal volume peaks.

In FIG. 4F, piston chamber volume chart 400/ shows the
delta angle between the BDC positions of two elliptical cams
330 and 330" is 90 degrees. F1G. 4F shows cams 330 and 330’
as they appear in FIGS. 3A-3F. As shown in piston chamber
volume chart 4007, the delta angle between the BDC positions
of two elliptical cams is changed to 90 degrees by rotating
cam 330 45 degrees clockwise and cam 330' 45 degrees
counterclockwise. With cams 330 and 330' in this position,
the effective sum of the maximum sinusoidal volume of both
cylinders in chamber 345 is reduced to 0% of maximum flow
output. In this arrangement, fluid may pass from one cylinder
to an adjacent cylinder as pistons 340 and 340" alternate
strokes.

In FIG. 4G, piston chamber volume chart 400g shows the
delta angle between the BDC positions of two elliptical cams
is changed to 105 degrees (15 degrees past 90 degrees). When
cams 330 and 330" are at a delta index angle of greater than 90
degrees, the flow direction through radial fluid device 300 is
reversed. Port 360 becomes an exhaust, and port 365 becomes
an inlet. In this arrangement, as the cylinder block rotates
pistons 340 and 340' from zero degrees BCD to 90 degrees top
dead center (TDC), fluid enters piston chamber 345 through
port 365.

Then as cylinder block 320 rotates from 90 degrees to 180
degrees (the second BDC), fluid exits the piston chamber 345
through port 360. The same complete cycle is repeated a
second time as cylinder block 320 rotates from 180 degrees to
360 degrees (back to zero degrees).

FIGS. 4H, 41, 4], and 4K progressively depict the effect of
increasing the delta index angle between the BDC positions
of cams 330 and 330" from 120 degrees, 135 degrees, 150
degrees, and 180 degrees. As shown in piston chamber vol-
ume charts 400/-400%, increasing the delta phase angle
results in effective reductions in the sum of maximum sinu-
soidal cylinder volume to 44%, 66%, 83%, and 100% of
maximum. Thus, flow volume in chart 400% is equal to flow
volume in chart 400q but in the opposite direction. As before,
each change in delta index angle does not disrupt the relation-
ship between rotary valve timing and the maximum and mini-
mum sinusoidal volume peaks.

In each ofthe examples shown in FIGS. 4A-4K, drive gears
370 and 370" move cams 330 and 330' to a specific phase
angle. In the example of FIGS. 3A-3F, drive gears 370 and
370" are cylindrical spur gears. Teachings of certain embodi-
ments, however, recognize that other types of drive gears may
be used in different environments.

For example, FIGS. 5A-5E show a radial fluid device 500
according to one alternative embodiment. FIG. 5A shows a
front view of radial fluid device 500, and FIG. 5B shows a side
view ofradial fluid device 500. FIG. 5C shows a cross-section
view of radial fluid device 500 along the cross-section line
indicated in FIG. 5A, and FIGS. 5D and 5E show cross-
section views of radial fluid device 500 along the cross-
section lines indicated in FIG. 5B. As will be explained in
greater detail below, radial fluid device 500 features worm
gears 570 and 570" in place of the spur gears 370 and 370" of
radial fluid device 300.

Similar to radial fluid device 300, radial fluid device 500
features a shaft 510, bearings 515, a cylinder block 520, cams
530 and 530", pistons 540a-540g, pistons 5404'-540¢', piston
chambers 545a-545g, shoes 541a-541g, shoes 541a'-541g',
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and ports 560 and 565. In operation, cylinder block 520
rotates within radial fluid device 500, and pistons 540a-540f
and 5404'-540f" reciprocate within piston chambers 545a-
545f depending on the relative positions of cam gears 535 and
535'.

Radial fluid device 500 also features cam gears 535 and
535", drive gears 570 and 570", reverse rotation gears 575, and
cam adjuster 580. Cam gears 535 and 335', drive gears 570
and 570, reverse rotation gears 575, and cam adjuster 580 in
combination adjust the position of cams 530 and 530'. Cam
gears 535 and 535' are coupled to cams 530 and 530, respec-
tively. Drive gears 570 and 570" interact with the teeth of cam
gears 535 and 535'. Reverse drive gears 375 interact with
drive gears 570 and/or 570", either directly or indirectly. In
particular, reverse drive gears 575 mechanically couples drive
gears 370 and 370" together such that rotation in one direction
by drive gear 570 results in rotation in the opposite direction
by drive gear 570'. Cam adjuster 580 rotates at least one of
drive gear 570, drive gear 570", and reverse rotation gear 575
such that drive gear 570 and drive gear 570’ rotates cam gears
33 and 535'.

By using worm drive gears 570 and 570" instead of the spur
drive gears 370 and 370' of radial fluid device 300, cam
adjuster 380 may be moved from the front of radial fluid
device 300 to the side of radial fluid device 500, as shown in
FIGS. 5A and 5D. Repositioning cam adjustor 580 may allow
radial fluid device 500 to be installed in a variety of additional
environments.

In addition, repositioning cam adjustor 580 may allow
multiple fluid devices 500 to be coupled together. FIG. 6
shows two fluid devices 500' coupled together according to
one example embodiment. Fluid devices 500' are similar to
radial fluid device 500 except that fluid devices 500' include a
second opening in cylinder 520' opposite input shaft 510 for
receiving a coupling input shaft 525'. Coupling input shaft
525' may be inserted into the second opening of a first radial
fluid device 500' at one end and into the opening for input
shaft 510' in a second radial fluid device 500, as shown in
FIG. 6. In the example of FIG. 6, fluid devices 500' are
coupled together such that input shaft 510 is coaxial with
coupling input shaft 525'.

Teachings of certain embodiments recognize that coupling
multiple fluid devices together may eliminate the need for an
additional gearbox when multiple fluid devices are used. The
cams of each fluid device may operate at different phase
angles. When used in applications where operating loads
reverse direction, one fluid device can vary its effective dis-
placement to act as a motor and regenerate power to a coupled
fluid device. For example, in FIG. 6, input shaft 510 may
provide power to both fluid devices 500" when they both
operate at a zero degree phase angle. If one radial fluid device
500' reverses its flow by changing its phase angle to 180
degrees, then this radial fluid device 500' may help power the
other radial fluid device 500'. Allowing one radial fluid device
500' to power another radial fluid device 500' may reduce
overall system power requirements.

each of these examples, flow volume may be adjusted by
changing the phase angle between adjacent cams. Teachings
of certain embodiments recognize that phase angle may be
changed during operation to provide a constant flow volume
even as system flow demand varies.

For example, FIGS. 7A-7] show a constant-pressure radial
fluid device 600 according to one alternative embodiment.
FIG. 7A shows a front view of radial fluid device 600, and
FIG. 7B shows a side view of radial fluid device 600. FIG. 7C
shows a cross-section view of radial fluid device 600 along
the cross-section line indicated in FIG. 7A, and FIG. 7D
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shows a cross-section view of radial fluid device 600 along
the cross-section lines indicated in FIG. 7B. FIGS. 7E-7G
show cross-section views of radial fluid device 600 along the
cross-section lines indicated in FIG. 7B when radial fluid
device 600 is operating at minimum displacement. FIGS.
7H-7] show cross-section views of radial fluid device 600
along the cross-section lines indicated in FIG. 7B when radial
fluid device 600 is operating at near maximum displacement.
As will be explained in greater detail below, radial fluid
device 600 features cam lugs 635 and 635' in place of cam
gears 335 and 335', yokes 670 and 670' in place of gears 370
and 370, and pressure compensators 680 and 685 in place of
cam adjuster 380 of radial fluid device 300.

Similar to radial fluid devices 300 and 500, radial fluid
device 600 features a shaft 610, bearings 615, a cylinder block
620, cams 630 and 630", pistons 640a-640g, pistons 640a'-
640g', piston chambers 645a-645g, shoes 641a-641g, shoes
641a;-641g', and ports 660 and 665. In operation, cylinder
block 620 rotates within radial fluid device 600, and pistons
640a-640f and 6404'-640f" reciprocate within piston cham-
bers 645a-645f depending on the relative positions of cam
gears 635 and 635'.

Radial fluid device 600 also features cam lugs 635 and
635', yokes 670 and 670", and pressure compensators 680 and
685. Cam lugs 635 and 635', yokes 670 and 670", and pressure
compensators 680 and 685, in combination, adjust the posi-
tion of cams 630 and 630'. Cam lugs 635 and 635" are coupled
to cams 630 and 630", respectively. Yokes 670 and 670’ inter-
act with cam lugs 635 and 635'. Pressure compensator 680 is
coupled to at least one of yoke 670 and 670", and pressure
compensator 685 is coupled to at least one of yoke 670 and
670" opposite pressure compensator 680.

In operation, pressure compensator 680 provides linear
movement that pushes or pulls at least one of yokes 670 and
670'. In this example, cams 330 and 330" are supported by
roller bearings to minimize friction induced hysteresis
effects. Pressure compensator 685 reacts against the linear
movement of pressure compensator 680 to balance the yokes
670 and 670'. In the example of FIG. 7D, pressure compen-
sator 680 is a piston, and pressure compensator 685 is a
balance spring. Linear movement by pressure compensator
680 causes yokes 670 and 670' to move cam lugs 635 and
635'. Movement of cam lugs 635 and 635' causes rotation of
cams 630 and 630'. As explained above, rotating cams 630
and 630' changes the fluid volume flowing through radial fluid
device 600.

FIGS. 7E-7G show cross-section views of radial fluid
device 600 along the cross-section lines indicated in FIG. 7B
when radial fluid device 600 is operating at minimum dis-
placement. In this example, pressure compensator 680 is fully
extended, pushing cam lugs 635 and 635' to the right as shown
in FIG. 7F. In this example embodiment, fully extending
pressure compensator 680 causes cams 630 and 630" to be 90
degrees out of phase. In FIG. 7E, cam 630 is rotated 45
degrees clockwise, and in FIG. 7G, cam 630’ is rotated 45
degrees counter-clockwise. As explained above, oriented
cams 90 degrees out of phase may result in minimal or no fluid
flow through a radial fluid device.

FIGS. 7H-7] show cross-section views of radial fluid
device 600 along the cross-section lines indicated in

FIG. 7B when radial fluid device 600 is operating at near
maximum displacement. In this example, pressure compen-
sator 680 is retracted, pulling cam lugs 635 and 635" to the left
as shown in FIG. 71. In this example embodiment, retracted
pressure compensator 680 causes cams 630 and 630" to be 22
degrees out of phase. In FIG. 7E, cam 630 is rotated 11
degrees clockwise, and in FIG. 7G, cam 630" is rotated 11
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degrees counter-clockwise. In this example, the maximum
displacement position is set to 22 degrees in an effort to
minimize the yoke displacement required for the kinematic
geometry to drive the cam lugs. In some embodiments, how-
ever, it may be possible to retract pressure compensator 680
further so that cams 630 and 630' are fully in phase.

Radial fluid device 600, like radial fluid devices 300 and
500, features two sets of pistons, seven radial pistons per set,
and two lobes per cam. Teachings of certain embodiments,
however, recognize that other radial devices may have any
number of piston sets, pistons per sets, and lobes per cam. In
addition, embodiments may have other configuration changes
as well, such as different cam followers (e.g., sliding, roller,
and spherical ball).

FIGS. 8A-8F show a radial fluid device 700 according to an
alternative embodiment. In the example of FIGS. 8A-8F,
radial fluid device 700 features tri-lobed cams and five pistons
per set. FIG. 8 A shows a front view ofradial fluid device 700,
and FIG. 8B shows a side view ofradial fluid device 700. F1G.
8C shows a cross-section view of radial fluid device 700 along
the cross-section line indicated in FIG. 8 A, and FIGS. 8D, 8E,
and 8F show cross-section views of radial fluid device 700
along the cross-section lines indicated in FIG. 8B.

Similar to radial fluid devices 300, 500, and 600, radial
fluid device 700 features a shaft 710, bearings 715, a cylinder
block 720, cams 730 and 730, pistons 740a-740f, pistons
7404'-740f, piston chambers 745a-745f, and ports 760 and
765. In operation, cylinder block 720 rotates within radial
fluid device 700, and pistons 740a-740fand 7404'-740f recip-
rocate within piston chambers 745a-745f depending on the
relative positions of cam gears 735 and 735'. Unlike radial
fluid devices 300, 500, and 600, each piston in radial fluid
device 700 completes three sinusoidal strokes per rotation of
cylinder block 720.

Modifications, additions, or omissions may be made to the
systems and apparatuses described herein without departing
from the scope of the invention. The components of the sys-
tems and apparatuses may be integrated or separated. More-
over, the operations of the systems and apparatuses may be
performed by more, fewer, or other components. The meth-
ods may include more, fewer, or other steps. Additionally,
steps may be performed in any suitable order.

Although several embodiments have been illustrated and
described in detail, it will be recognized that substitutions and
alterations are possible without departing from the spirit and
scope of the present invention, as defined by the appended
claims.

To aid the Patent Office, and any readers of any patent
issued on this application in interpreting the claims appended
hereto, applicants wish to note that they do not intend any of
the appended claims to invoke paragraph 6 of 35 U.S.C. §112
as it exists on the date of filing hereofunless the words “means
for” or “step for” are explicitly used in the particular claim.

What is claimed is:

1. A fluid flow system comprising:

a first radial fluid device comprising:

a first cylinder block comprising a first plurality of radi-
ally extending cylinders, a second plurality of radially
extending cylinders, and a shaft opening;

a first plurality of cylindrical pistons each slidably
received within a different one of the first plurality of
radially extending cylinders, wherein each cylindrical
piston includes:

a radially extending aperture; and

a shoe configured to slide along a surface of a first cam
that has two or more lobes configured such that the
shoe completes two or more sinusoidal strokes per
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revolution of the cylinder block, the shoe having a
rounded forward edge and a rounded trailing edge,
the forward edge being the forward most edge of
the shoe when the shoe experiences movement, the
trailing edge being the rearmost edge of the shoe
when the shoe experiences movement, the first cam
being disposed about the first plurality of radially
extending cylinders;

a second plurality of cylindrical pistons each slidably
received within a different one of the second plurality
of radially extending cylinders, wherein each cylin-
drical piston comprises:

a radially extending aperture; and

a shoe configured to slide along a surface of a second
cam that has two or more lobes configured such that
the shoe completes two or more sinusoidal strokes
per revolution of the cylinder block, the shoe hav-
ing a rounded forward edge and a rounded trailing
edge, the forward edge being the forward most
edge of the shoe when the shoe experiences move-
ment, the trailing edge being the rearmost edge of
the shoe when the shoe experiences movement, the
second cam being disposed about the second plu-
rality of radially extending cylinders, the second
cam movable relative to the first cam;

an input shaft coupled to the first cylinder block at the
shaft opening, the input shaft operable to transmit
rotational energy to the first cylinder block of the first
radial fluid device; and

a cam rotation device operable to rotate the first cam of
the first radial fluid device in a first direction and the
second cam of the first radial fluid device in a second
direction opposite the first direction, the cam rotation
device of the first radial fluid device comprising:

a first worm gear in contact with the first cam of the
first radial fluid device;

a first reverse rotation gear coupled to the first worm
gear;

a second worm gear in contact with the second cam of
the first radial fluid device; and

a second reverse rotation gear coupled to the second
worm gear and in contact with the first reverse
rotation gear;

a second radial fluid device comprising:

a second cylinder block comprising a third plurality of
radially extending cylinders, a fourth plurality of radi-
ally extending cylinders, and a shaft opening;

a first plurality of cylindrical pistons each slidably
received within a different one of the third plurality of
radially extending cylinders, wherein each cylindrical
piston includes:

a radially extending aperture; and

a shoe configured to slide along a surface of a third
cam that has two or more lobes configured such that
the shoe completes two or more sinusoidal strokes
per revolution of the cylinder block, the shoe hav-
ing a rounded forward edge and a rounded trailing
edge, the forward edge being the forward most
edge of the shoe when the shoe experiences move-
ment, the trailing edge being the rearmost edge of
the shoe when the shoe experiences movement, the
third cam being disposed about the first plurality of
radially extending cylinders;

a second plurality of cylindrical pistons each slidably
received within a different one of the fourth plurality
of radially extending cylinders, wherein each cylin-
drical piston comprises:

12

a radially extending aperture; and

a shoe configured to slide along a surface of a fourth
cam that has two or more lobes configured such that
the shoe completes two or more sinusoidal strokes
per revolution of the cylinder block the shoe having
a rounded forward edge and a rounded trailing
edge, the forward edge being the forward most
edge of the shoe when the shoe experiences move-
ment, the trailing edge being the rearmost edge of
the shoe when the shoe experiences movement, the
fourth cam being disposed about the second plural-
ity of radially extending cylinders, the fourth cam
movable relative to the third cam; and

10

a coupling device in mechanical communication with the
shaft opening of the second radial fluid device and the
first cylinder block of the first radial fluid device oppo-
site the shaft opening of the first radial fluid device, the
coupling device operable to transmit rotational energy
from the first cylinder block of the first radial fluid
device to the second cylinder block of the second radial
fluid device.

20

2. The fluid flow system of claim 1, wherein the input shaft
and the coupling device are coaxial.

3. The fluid flow system of claim 1, wherein:

the first cylinder block of'the first radial fluid device further
comprises a second shaft opening opposite the shaft
opening; and

30 the coupling device is a coupling shaft coupled to the first
cylinder block of the first radial fluid device at the sec-
ond shaft opening and coupled to the second cylinder
block of the second radial fluid device at the shaft open-

i ing.

4. The fluid flow system of claim 1, wherein rotating the
first cam of the first radial fluid device changes when the first
plurality of cylindrical pistons of the first radial fluid device
begins its strokes.

5. The fluid flow system of claim 1, wherein movement of
the first and second cams of the first radial fluid device is
independently controllable from movement of the first and
second cams of the second radial fluid device.

40

6. The fluid flow system of claim 1, wherein:

4 moving the first cam of the first radial fluid device changes
a volume rate of fluid flowing through the first radial
fluid device; and

moving the first cam of the second radial fluid device
50 changes a volume rate of fluid flowing through the sec-

ond radial fluid device.

7. The fluid flow system of claim 6, wherein the volume
rate of fluid flowing through the first radial fluid device is
different from the volume rate of fluid flowing through the

55 second radial fluid device.

8. The fluid flow system of claim 1, wherein:

the first radial fluid device comprises a housing with a first
fluid port and a second fluid port, wherein each cylinder
has a passageway which selectively communicates with

60
the first fluid port and the second fluid port as the first
cylinder block rotates; and
the second radial fluid device comprises a housing with a
first fluid port and a second fluid port, wherein each
65 cylinder has a passageway which selectively communi-

cates with the first fluid port and the second fluid port as
the second cylinder block rotates.
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9. The fluid flow system of claim 8, wherein:

the first fluid port of the first radial fluid device and the first
fluid port of the second radial fluid device are inlets; and

the second fluid port of the first radial fluid device and the
second fluid port of the second radial fluid device are
exhausts.

10. The fluid flow system of claim 9, wherein moving the
second cam of the first radial fluid device relative to the first
cam of the first radial fluid device is operable to convert the
first fluid port of the first radial fluid device from an inlet to an
exhaust and convert the second fluid port of the first radial
fluid device from an exhaust to an inlet.

11. The fluid flow system of claim 1, wherein the radially
extending cylinders of the first radial fluid device are not in
fluid communication with the radially extending cylinders of
the second radial fluid device.

12. The fluid flow system of claim 1, wherein the first
cylinder block of the first radial fluid device has a different
number of cylinders than the second cylinder block of the
second radial fluid device.

13. The fluid flow system of claim 1, the first radial fluid
device further comprising a cam rotation device operable to
rotate the first cam of the first radial fluid device in a first
direction and the second cam of the first radial fluid device in
a second direction opposite the first direction.

14. A radial fluid device comprising:

afirst cylinder block comprising a first plurality of radially
extending cylinders, a second plurality of radially
extending cylinders;

afirst plurality of cylindrical pistons each slidably received
within a different one of the first plurality of radially
extending cylinders, wherein each cylindrical piston
includes:

a radially extending aperture; and

shoe configured to slide along a surface of a first cam that
has two or more lobes configured such that the shoe
completes two or more sinusoidal strokes per

revolution of the cylinder block, the shoe having a
rounded forward edge and a rounded trailing edge, the
forward edge being the forward most edge of the shoe
when the shoe experiences movement, the trailing
edge being the rearmost edge of the shoe when the
shoe experiences movement, the first cam being dis-
posed about the first plurality of radially extending
cylinders;

a second plurality of cylindrical pistons each slidably
received within a different one of the second plurality of
radially extending cylinders, wherein each cylindrical
piston comprises:

a radially extending aperture; and

a shoe configured to slide along a surface of a second
cam that has two or more lobes configured such that
the shoe completes two or more sinusoidal strokes per
revolution of the cylinder block, the shoe having a
rounded forward edge and a rounded trailing edge, the
forward edge being the forward most edge of the shoe
when the shoe experiences movement, the trailing
edge being the rearmost edge of the shoe when the
shoe experiences movement, the second cam being
disposed about the second plurality of radially
extending cylinders, the second cam movable relative
to the first cam;

a coupling device in mechanical communication with the
first cylinder block and a second cylinder block of a
second radial fluid device; and
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a cam rotation device operable to rotate the first cam in a
first direction and the second cam in a second direction
opposite the first direction, the cam rotation device com-
prising:

a first worm gear in contact with the first cam;

a first reverse rotation gear coupled to the first worm
gear;

a second worm gear in contact with the second cam; and

a second reverse rotation gear coupled to the second
worm gear and in contact with the first reverse rota-
tion gear.

15. The radial fluid device of claim 14, the second cylinder
block further comprising a shaft opening, the radial fluid
device further comprising an input shaft coupled to the sec-
ond cylinder block at the shaft opening, the input shaft oper-
ableto transmit rotational energy to the second cylinder block
of the radial fluid device.

16. The radial fluid device of claim 15, wherein the input
shaft and the coupling device are coaxial.

17. The radial fluid device of claim 15, wherein:

the second cylinder block further comprises a second shaft
opening opposite the shaft opening.

18. The radial fluid device of claim 17, wherein:

the coupling device is a coupling shaft operable to couple
to the first cylinder block at the second shaft opening and
operable to couple to the second cylinder block of the
second radial fluid device.

19. A fluid flow system comprising:

a first radial fluid device comprising:

a first cylinder block comprising a first plurality of radi-
ally extending cylinders, a second plurality of radially
extending cylinders, and a shaft opening;

a first plurality of cylindrical pistons each slidably
received within a different one of the first plurality of
radially extending cylinders, wherein each cylindrical
piston includes:

a radially extending aperture; and

a shoe configured to slide along a surface of a first cam
that has two or more lobes configured such that the
shoe completes two or more sinusoidal strokes per
revolution of the cylinder block, the shoe having a
rounded forward edge and a rounded trailing edge,
the forward edge being the forward most edge of
the shoe when the shoe experiences movement, the
trailing edge being the rearmost edge of the shoe
when the shoe experiences movement, the first cam
being disposed about the first plurality of radially
extending cylinders;

a second plurality of cylindrical pistons each slidably
received within a different one of the second plurality
of radially extending cylinders, wherein each cylin-
drical piston comprises:

a radially extending aperture; and

a shoe configured to slide along a surface of a second
cam that has two or more lobes configured such that
the shoe completes two or more sinusoidal strokes
per revolution of the cylinder block, the shoe hav-
ing a rounded forward edge and a rounded trailing
edge, the forward edge being the forward most
edge of the shoe when the shoe experiences move-
ment, the trailing edge being the rearmost edge of
the shoe when the shoe experiences movement, the
second cam being disposed about the second plu-
rality of radially extending cylinders, the second
cam movable relative to the first cam;
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an input shaft coupled to the first cylinder block at the
shaft opening, the input shaft operable to transmit
rotational energy to the first cylinder block of the first
radial fluid device;

a second radial fluid device comprising:

a second cylinder block comprising a third plurality of

radially extending cylinders, a fourth plurality of radi-

ally extending cylinders, and a shaft opening;

first plurality of cylindrical pistons each slidably

received within a different one of the third plurality of

radially extending cylinders, wherein each cylindrical

piston includes:

a radially extending aperture; and

a shoe configured to slide along a surface of a third
cam that has two or more lobes configured such that
the shoe completes two or more sinusoidal strokes
per revolution of the cylinder block, the shoe hav-
ing a rounded forward edge and a rounded trailing
edge, the forward edge being the forward most
edge of the shoe when the shoe experiences move-
ment, the trailing edge being the rearmost edge of
the shoe when the shoe experiences movement, the
third cam being disposed about the first plurality of
radially extending cylinders;

a second plurality of cylindrical pistons each slidably

received within a different one of the fourth plurality

of radially extending cylinders, wherein each cylin-

drical piston comprises:

a radially extending aperture; and

a shoe configured to slide along a surface of a fourth
cam that has two or more lobes configured such that
the shoe completes two or more sinusoidal strokes
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per revolution of the cylinder block the shoe having
a rounded forward edge and a rounded trailing
edge, the forward edge being the forward most
edge of the shoe when the shoe experiences move-
ment, the trailing edge being the rearmost edge of
the shoe when the shoe experiences movement, the
fourth cam being disposed about the second plural-
ity of radially extending cylinders, the fourth cam
movable relative to the third cam; and
a coupling device in mechanical communication with the
shaft opening of the second radial fluid device and the
first cylinder block of the first radial fluid device oppo-
site the shaft opening of the first radial fluid device, the
coupling device operable to transmit rotational energy
from the first cylinder block of the first radial fluid
device to the second cylinder block of the second radial
fluid device;
wherein the first cam of the first radial fluid device has a
different number oflobes than the first cam of the second
radial fluid device.
20. The fluid flow system of claim 19, wherein the input
shaft and the coupling device are coaxial.
21. The fluid flow system of claim 19, wherein:
the first cylinder block of'the first radial fluid device further
comprises a second shaft opening opposite the shaft
opening; and
the coupling device is a coupling shaft coupled to the first
cylinder block of the first radial fluid device at the sec-
ond shaft opening and coupled to the second cylinder
block of the second radial fluid device at the shaft open-
ing.
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